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Introduction

Abstract
Gender disparity is well documented in the mouse model
of experimental autoimmune encephalomyelitis (EAE) induced with proteolipid protein (PLP) 139–151, in which female, but not male, SJL mice show a chronic relapsing-remitting paralysis. Furthermore, dihydrotestosterone (DHT)
has been shown to ameliorate the severity of EAE, but the
underlying mechanisms of its protective effects are unclear.
Using major histocompatibility complex (MHC) class II dextramers for PLP 139-151, we tested the hypothesis that DHT
selectively modulates the expansion and functionalities of
antigen-specific T cells. Unexpectedly, we noted that DHT induced cell death in antigen-specific, autoreactive T cells, but
the effects were not selective, because both proliferating and
non-proliferating cells were equally affected independent
of antigenic stimulation. Furthermore, DHT-exposed PLP
139- 151-specific T cells did not show any shift in cytokine
production; rather, frequencies of cytokine-producing PLPspecific T cells were significantly reduced, irrespective of T
helper (Th) 1, Th2, and Th17 subsets of cytokines. By evaluating cell death and autophagy pathways, we provide evidence for the induction of autophagy to be associated with
cell death caused by DHT. Taken together, the data provide
new insights into the role of DHT and indicate that cell death
and autophagy contribute to the therapeutic effects of androgens in autoreactive T cells.

Multiple sclerosis (MS) is thought to be an autoimmune
disease, but the antigens that induce it are unknown (Haegert and Marrosu 1994). Although men are less likely than
women to develop MS, they tend to develop a more severe,
chronic form of the disease (Compston et al. 2006). Disease
severity in female MS patients is reduced during pregnancy,
but the symptoms of MS return to their pre-pregnant state
within 6 months post-delivery (Confavreux et al. 1998). Furthermore, reduced severity of MS during pregnancy is correlated with higher estriol levels, and oral estriol treatment of
relapsing-remitting MS patients reduces the number of enhancing lesions seen on magnetic resonance imaging (Soldan
et al. 2003). Such an alteration in the disease course, although
attributed to elevated amounts of T helper (Th) 2 cytokines
during pregnancy, may be due to additional factors.
To determine the mechanisms of gender differences in
susceptibility to central nervous system (CNS) autoimmunity, mouse models of experimental autoimmune encephalomyelitis (EAE) are commonly employed. EAE can be induced by immunizing susceptible mouse strains with the
CNS myelin antigens, which include myelin proteolipid
protein (PLP), myelin basic protein (MBP), and myelin oligodendrocyte glycoprotein (MOG), or their corresponding
immunogenic peptide fragments PLP 139-151, MBP 89-101/
MBP Ac1-11, and MOG 35-55 in complete Freund’s adjuvant (Miller et al. 2007; Constantinescu et al. 2011; McCarthy et al. 2012). While gender bias in susceptibility to EAE
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has been noted with both PLP and MBP antigens, EAE induced with PLP 139-151 has been commonly used, because
it results in manifestations of the disease phenotypes that
are distinct by gender: only females develop chronic relapsing-remitting paralysis (Bebo et al. 1996). However, clinical
relapses could be induced in males by orchidectomy, pointing to the pivotal role androgens play in the regulation of
CNS autoimmunity (Bebo et al. 1998). Consistent with this
notion, the therapeutic efficacy of androgens has been tested
in EAE, with the result that both dihydrotestosterone (DHT)
and dihydroepiandrosterone have been shown to ameliorate
the severity of EAE when administered either during the induction or effector phase of the disease (Dalal et al. 1997;
Du et al. 2001; Palaszynski et al. 2004). Additionally, female
mice treated with DHT experience less severe EAE accompanied by enhanced interleukin (IL)-10 production (Dalal et
al. 1997). These observations suggest that androgens act on
T cells and may mediate anti-inflammatory effects. In support of this hypothesis, expression of an androgen receptor has been demonstrated in splenocytes and thymocytes
in mice and humans (Kovacs and Olsen 1987; Benten et al.
1999; Benten et al. 2002).
Furthermore, using the EAE adoptive transfer protocol,
we and others have demonstrated that PLP 139-151-reactive
T cells generated in male SJL mice induce EAE in females,
but severity is low and the clinical signs of EAE take a long
time to appear. On the contrary, cells from female mice induce EAE in males with a disease severity comparable to
its severity in female recipients of female cells (Bebo et al.
1999; Massilamany et al. 2011b). These data suggest that
male hormones play an important role in controlling autoimmune responses. Because PLP 139-151-induced EAE
is classically a CD4 T cell-mediated disease, any immunomodulatory effects exerted from the use of androgens are
expected to influence mainly this subset of T cells. Consistent with this notion, DHT treatment of myelin-reactive T
cells has led to deviation of immune response from a proinflammatory (Th1) toward an anti-inflammatory (Th2) environment by promoting the induction of IL-10 (Dalal et
al. 1997; Bebo et al. 1999; Liva and Voskuhl 2001). However, it was not known whether such a deviation occurred
in antigen-specific T cells or indirectly by affecting nonantigen-specific T cells. To address this question, we recently created the next generation of major histocompatibility complex (MHC) class II tetramers called dextramers
for PLP 139-151, permitting us to enumerate the frequencies
of PLP-specific CD4 T cells in various experimental systems
(Massilamany et al. 2011c; Gangaplara et al. 2012). In this
report, we made efforts to determine the functionalities of
DHT by analyzing the frequencies of PLP specific T cells,
leading us to the unexpected finding that DHT acts by depleting T cells through cell death which was found to be
associated with autophagy. The effects were not selective,
in that both proliferating and non-proliferating cells were
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equally affected, independent of antigenic stimulation, but
with no shift in the production of cytokines.

Materials and Methods
Mice
Five-to-six-week-old male and female SJL/J (H-2s) mice were
procured from the Jackson Laboratory (Bar Harbor, ME).
The mice were maintained according to the animal protocol guidelines of the University of Nebraska–Lincoln, Lincoln, NE.
Peptide Synthesis and Immunization Procedures
PLP 139-151 (HSLGKWLGHPDKF) and neuraminidase
(NASE) 101–120 (EALVRQGLAKVAYVYKPNNT) were synthesized on 9-fluorenylmethyloxycarbonyl chemistry (Neopeptide, Cambridge, MA). All peptides were HPLC-purified
(>90 %), identity was confirmed by mass spectroscopy, and
the peptides were dissolved in 1 × phosphate-buffered saline (PBS) prior to use. To generate primary T cell cultures
for PLP 139-151, SJL mice were immunized subcutaneously
(s.c.) with PLP 139-151 emulsified in complete Freund’s adjuvant in multiple sites in the inguinal flank and sternal regions
(100 μg/ mouse) (Miller et al. 2007; Massilamany et al. 2010).
T Cell Proliferative Assay
Single-cell suspensions were prepared from the draining
lymph nodes, hereafter termed lymph node cells (LNCs),
from PLP-immunized mice on day 10 post-immunization
or from naïve mice, and the cell pellets were resuspended in
1 × ammonium chloride potassium buffer (Lonza, Walkersville, MD) to lyse erythrocytes as described (Massilamany
et al. 2011a). After washing, cell pellets were resuspended in
RPMI medium supplemented with 10 % fetal bovine serum
(FBS), 1 mM sodium pyruvate, 4 mM L-glutamine, 1 × each
of nonessential amino acids and vitamin mixture, and 100 U/
ml penicillin-streptomycin (Lonza; hereafter called growth
medium). Cell viability was verified by trypan blue staining. Cells from immunized mice were stimulated at a density of 5 × 106 cells/ml in triplicates with the indicated peptides (0 to 80 μg/ml) for 2 days in growth medium in the
presence or absence of DHT (Sigma/Aldrich, St. Louis, MO;
0 to 80 nM); the cells cultured with no peptides served as medium controls. To stimulate T cells from naïve mice, 96-well
plates were coated with/without anti-CD3 (1.25 μg/ml) in the
presence or absence of DHT (0 to 80 nM) or torin-1 (5 nM)
(Cayman Chemical, Ann Arbor, MI) and their corresponding controls. Cells were plated at a density of 5 × 106 cells/ml
in triplicates for 24 h in growth medium. After pulsing with
tritiated 3[H]-thymidine (1 μCi per well; MP Biomedicals,
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Santa Ana, CA) for 16 h, proliferative responses were measured as counts per minute using a Wallac liquid scintillation counter (Perkin Elmer, Waltham, MA) (Massilamany et
al. 2010; Massilamany et al. 2011b).

the live (7-AAD−) CD4+ subset using Flow Jo software (Tree
Star, Ashland, OR).

Annexin V/Propidium Iodide (PI) Staining

Cytometric Bead Array Analysis

LNCs obtained from SJL mice immunized with PLP 139-151
were stimulated with or without PLP 139-151 or NASE 101120 (0 to 80 μg/ml) and DHT (0 to 80 nM) or ethanol as described above. At 72 h, early apoptotic cells and late apoptotic (secondary necrosis) or necrotic cells were determined
with annexin V and PI staining according to manufacturer’s recommendations (eBioscience, San Diego, CA). Similarly, LNCs obtained from naïve mice were plated in 96-well
plates coated with/without anti-CD3 (1.25 μg/ml) in the presence or absence of ethanol (vehicle) or DHT (40 nM). At 5 h
and 10 h poststimulation, cells were stained with annexin V
and PI, and the respective populations were then analyzed
by flow cytometry. In experiments that involved the determination of cell death in cultures exposed to torin-1, cells
were plated in 96- well plates coated with/without anti-CD3
(1.25 μg/ml) in the presence or absence of DHT (0 to 80 nM)
or torin-1 (5 nM) (Cayman Chemical, Ann Arbor, MI) and
their corresponding controls. After 24 h, cells positive for annexin V, and PI were determined. While, externalization of
phosphatidylserine was detected by using annexin V conjugated with allophycocyanin (APC), PI uptake was used as a
marker for loss of plasma membrane integrity. These analyses respectively permitted us to identify two cell populations:
early apoptotic cells (annexin V+, PI−); and dead cells that included both necrotic and secondary necrotic (late apoptotic)
cells (PI+, annexin V+).

LNCs obtained from immunized mice were stimulated with
or without PLP 139-151 (20 μg/ml) or DHT (40 nM) and their
corresponding controls [medium alone, NASE 101-120 (control peptide) and ethanol (vehicle)]. Supernatants were harvested on day 3 poststimulation and analyzed for detection
of cytokines using beads conjugated with capture antibodies, and phycoerythrin-conjugated detection antibodies for
the indicated cytokines according to the manufacturer’s recommendations (BD Bioscience). Briefly, to obtain standard
curves, the combined mouse cytokine standards (representing Th1: IL-2 and interferon (IFN)-γ; Th2: IL-10; Th17: IL17A; IL-6 and tumor necrosis factor (TNF)-α) were diluted
serially (1:2) in 5-ml tubes that represent concentrations ranging from 20 to 5000 pg/ml, with the assay diluent alone serving as a ‘zero’ standard. In another tube, the capture beads
(coated with capture antibodies) representing the above cytokines were mixed together, and 50 μl of this was added to 50
μl of the diluted standards or test samples. After adding the
detection antibodies, the tubes were incubated at RT in the
dark for 2 h. Both the standards and test samples were then
centrifuged (200 g), and the pellets were washed. Finally, the
pellets were resuspended in wash buffer, the beads were acquired by flow cytometry, and the data were analyzed by
FCAP Array Software (BD Bioscience).

Creation of IAs Dextramers and Determination of
Antigen Specificity by Dextramer Staining
To determine the frequency of antigen-specific T cells, IAs/
PLP 139-151 and Theiler’s murine encephalomyelitis virus
(TMEV) 70–86 dextramers were generated as described (Massilamany et al. 2011c). LNCs obtained from the mice immunized with PLP 139-151 were stimulated with PLP 139-151
for two days, and the cultures were then maintained in IL2-medium (5 μM) (AB Biotechnologies, Columbia, MD). Viable lymphoblasts were harvested on day 5 poststimulation
and stained at room temperature (RT) for 2 h with APCconjugated IAs dextramers (4.5 μg/ml) in IL-2-medium containing 2.5 % FBS, pH 7.63. After washing twice, cells were
stained with anti-CD4 and 7-aminoactinomycin-D (7-AAD)
(Invitrogen, Eugene, OR) and acquired by flow cytometer (FACS Calibur, BD Bioscience, San Diego, CA). The frequency of dextramer+ (dext+) cells was then enumerated in

Cytokine Analysis

Intracellular Staining
LNCs obtained from the mice immunized with PLP 139-151
were restimulated with PLP 139- 151 for three days, and the
cultures were then maintained in IL-2-medium. Viable lymphoblasts were harvested on day 5, and the cells were stimulated for 5 h with phorbol 12-myristate 13-acetate (PMA)
(20 ng/ml) and ionomycin (300 ng/ml) (Sigma/Aldrich) in the
presence of 2 mM monensin (Golgi stop, BD Bioscience). After staining with anti-CD4 and 7-AAD, cells were fixed, permeabilized and stained with cytokine antibodies or isotype
controls (eBioscience). The frequency of cytokine-producing
cells was then enumerated in the live (7- AAD−) CD4+ subset
by flow cytometry using Flow Jo software (Reddy et al. 2004).
The clones of cytokine antibodies used were: IL-2 (JES65H4), IL-4 (11B11), IL-6 (MP5-20F3), IL-10 (JES5-16E3), IL17A (eBio 17B7), IFN-γ (XMG1.2), and TNF-α (MP6- XT22)
(all from eBioscience).
To determine the frequencies of dext+ cells in relation to
cytokine-producing CD4 T cells, cells from different treatment groups harvested on day 6 poststimulation were stim-
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ulated with PMA/ionomycin in the presence of monensin as
described above. After washing, cells were stained with IAs/
dextramers (PLP 139-151 and TMEV 70-86) followed by antiCD4 and 7-AAD. Cells were washed, fixed, and permeabilized, then stained with cytokine antibodies and their corresponding isotype controls. After the cells were acquired
by flow cytometry, the percentages of dextramer+ live (7AAD−) cytokine-producing CD4 T cells were enumerated using Flow Jo software (Massilamany et al. 2011c).

Western blotting Analysis
LNCs obtained from naïve SJL mice were plated in 6-well
plates at a density of 5 × 106 cells/ml in growth medium,
and the cells were stimulated with or without anti-CD3 and
DHT (0 to 40 nM) or ethanol. After 24 h, cells were harvested
and washed with 1 × PBS, and the pellets were lysed using radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors and 0.5 M EDTA solution
(Thermo Scientific, Rockford, IL). In some experiments, chloroquine (CQ) (40 μM) was added four hours prior to harvesting the cells. Samples were briefly sonicated for up to
5 s, and after centrifugation, supernatants were harvested
(Garcia-Garcia et al. 2013) and the protein concentrations
measured by bicinchoninic acid assay (Thermo Scientific).
Equal amounts of total protein samples were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDSPAGE), and the proteins were transferred to polyvinylidene fluoride or nitrocellulose membranes. The membranes
were first blocked for 2 h using tris-buffered saline (TBS)
buffer containing 5 % milk powder or 3 % BSA and 0.1 %
Tween-20, and then incubated with the appropriate primary
antibodies at 4 °C overnight. Two panels of antibodies were
used: 1) apoptosis: purified mouse anti-human poly(ADP-ribose) polymerase (PARP-1) (1:125, BD Bioscience), anti-rabbit cleaved caspase 3 (1:1000, Cell Signaling, Danvers, MA);
and 2) autophagy: anti-rabbit Beclin-1 (1:1000, Cell Signaling), anti-rabbit p62 (1:5000, Abcam, Cambridge, MA), antirabbit phospho-mammalian target of rapamycin (pmTOR)
(1:1000, Cell Signaling) and anti-rabbit microtubule- associated protein light chain 3 (LC3) B (1:1000, Sigma/Aldrich).
The membranes were then washed thrice using TBS containing 0.1 % Tween-20, and incubated with horseradish peroxidase (HRP)-conjugated secondary antirabbit (1:5000, Florence, KY) or anti-mouse (1:5000, Cell Signaling) antibodies
for one hour. After addition of enhanced chemiluminescence
(ECL) substrate (GE Healthcare, Boston, MAor Thermo Scientific), the images were captured using the ChemiDoc XRS
Imaging System (BIO-RAD, Richmond, CA) (Munoz-Gamez
et al. 2009). The blots were then reprobed using anti-mouse
β-actin (1:5000, Sigma/Aldrich)/ secondary, anti-mouse HRP
antibody to verify for equal protein loading in each experiment. Finally, the densities corresponding to each protein
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were quantified using the ImageJ Program (National Institutes of Health, http://rsb.info.nih.gov/ij ), and the ratios were
then derived by dividing the densities of target proteins by
the densities of β-actin.

Statistics
To ascertain the differences between groups with respect to
proliferation assay, annexin/PI staining and Western blotting
analyses, values were analyzed by student’s t. P ≤ 0.05 values were considered significant.

Results and Discussion
Previous reports indicate that DHT exerts its effects on autoreactive T cells by promoting immune deviation from a proinflammatory (Th1) toward an anti-inflammatory (Th2) environment (Dalal et al. 1997; Bebo et al. 1999; Du et al. 2001;
Liva and Voskuhl 2001), but the antigen specificity of targeted T cells was unclear. In order to study the effects of sex
steroids like androgens on PLP-specific T cells, we recently
created IAs/PLP 139-151 dextramers as novel tools, permitting us to ascertain the generation, expansion, and functionalities of antigen-sensitized T cells in various systems (Massilamany et al. 2011c; Gangaplara et al. 2012; Massilamany
et al. 2014).
First, to determine the effects of DHT on antigen-sensitized T cells, we optimized the conditions using T cell proliferation assay. In brief, LNCs were prepared from mice immunized with PLP 139-151, and the cells were stimulated
with or without specific (PLP 139-151) or control NASE-101–
120 (0 to 80 μg/ml) in the presence or absence of DHT (0 to 80
nM) or ethanol. After two days, proliferative responses were
measured as a function of DNA synthesis based on incorporation of 3[H]-thymidine. Cells stimulated with PLP 139-151,
with or without ethanol, showed similar levels of responses,
but addition of DHT led to reduction in the responses dose
dependently (p ≤ 0.001) (Figure 1a). The responses induced
with PLP 139-151 were specific because the control, NASE
101-120, which also binds IAs/MHC class II allele (Nicholson et al. 1997) much like PLP 139-151 does, did not stimulate the cells (Figure 1a). However, when the background
responses were compared for the cells exposed to DHT and
ethanol, it was evident that the levels of 3[H]-thymidine incorporated in the cells exposed to DHT were significantly
reduced dose dependently (p ≤ 0.007) (Figure 1b). Previous
reports about the effects of testosterone derivatives were conflicting. While dihydroepiandrosterone was shown to reduce
proliferative responses in myelin-basic protein-sensitized T
cells, DHT appeared not to influence the responses in PLPreactive T cells (Bebo et al. 1999; Du et al. 2001). In our hands,
the finding that DHT affects the proliferative responses of T
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Figure 1. The inhibitory effect of DHT on T cell proliferation are not antigen-specific. SJL mice were immunized with PLP 139-151, and 10
days later, the animals were euthanized and the draining lymph nodes were harvested to prepare the single cell suspensions. Cells were
stimulated with or without PLP 139-151/NASE 101-120 (control) (0 to 80 μg/ml) or DHT (0 to 80 nM)/ethanol (vehicle) for two days. After
pulsing the cells with 3[H]-thymidine for 16 h, proliferative responses were measured as counts per minute (panel, a). Panel (b) shows the
blown up view of the effects of DHT on cells with no peptide stimulations in comparison with cells treated with ethanol alone. Mean ± SEM
values obtained from three experiments each involving three mice are shown.

cells nonspecifically, independent of antigenic stimulation,
was not expected, leading us to question whether DHT-mediated effects involve selective inhibition of antigen-specific
T cells or nonspecific killing of T cells independent of their
antigen specificity.
To address this question, we prepared two dextramers,
one each for PLP 139-151 and TMEV 70-86. Both bind the IAs
allele, thus permitting us to use the TMEV 70-86 dextramer
as the TCR-specificity control for PLP 139-151, as we have
described previously (Massilamany et al. 2011c). Using these
reagents, we analyzed the frequencies of antigen-specific T
cells in cultures stimulated with PLP 139-151 in the presence
or absence of DHT. In this setup, we used four controls that
represent the cells cultured in medium alone, NASE 101-120,
ethanol, and DHT alone. The data revealed the presence of
PLP dext+ CD4 T cells in cultures stimulated with PLP 139151, with or without ethanol, whereas in cultures stimulated
in the presence of DHT, the PLP dext+ cells were significantly
reduced by ~five-fold (3 % vs 0.6 %; Figure 2a and Figure
2b), suggesting that DHT might have selectively inhibited
the expansion of PLP-specific cells. The dextramer staining
was specific, since the control (TMEV 70-86) dextramer did
not stain the cells in any of the above treatments. Likewise,
none of the four control cell cultures (medium, NASE, ethanol, and DHT) stained with PLP 139-151 or TMEV 70-86
dextramers (Figure 2a and Figure 2b). Next, to determine
whether failure to detect PLP dext+ cells in DHT-exposed
PLP cultures is due to cell death induced by DHT, we stained
the cells with 7-AAD to determine the percentages of live (7AAD−) and dead (7-AAD+) cell populations by flow cytometry. Consistent with the patterns observed with the proliferative responses (Figure 1), the percentages of live cells were
significantly reduced dose dependently in PLP 139-151-stimulated cultures exposed to DHT, when compared with cultures exposed to PLP 139-151 alone or PLP 139-151/ethanol

(Figure 2c). More importantly, while the percentages of viable cells remained the same in cultures supplemented with
the medium or ethanol, addition of DHT to cultures in the
absence of PLP 139-151 also showed a reduction in the cell
viability, compared to those exposed to ethanol (Figure 2c).
Furthermore, to delineate the cell death pathway as it relates to early and late apoptosis/necrosis, we performed annexin V and PI staining to ascertain the respective cell populations in cultures stimulated with or without PLP 139-151
and DHT, and their corresponding controls. As shown in the
Supplementary Table 1, cell viability followed the same pattern as that of 7-AAD+ cells (Figure 2c) dose-dependently in
that the number of cells with compromised plasma membrane integrity (PI+, annexin+) were significantly increased
in DHT-exposed cultures, whereas the apoptotic cells (annexin+, PI−) were reduced at higher doses (20 μM and above).
These findings suggest possibly that early and late apoptosis/necrosis may occur continuously upon exposure to DHT.
Similar results were noted when the cells were examined by
annexin V/PI staining at early time points as well i.e., 24 and
48 h post-stimulation (data not shown). Overall, the findings
that PLP dext+ cells were reduced in cultures stimulated with
PLP 139-151/DHT (Figure 2a) and that DHT per se can kill
the cells non-specifically (Figure 2c, Supplementary Table 1)
led us to propose that DHT can affect both proliferating and
nonproliferating cells.
In support of this proposition, we performed the experiments using LNCs from naïve mice, stimulating the cells
with a polyclonal T cell activator, anti-CD3 (1.25 μg/ml),
in the presence or absence of DHT or ethanol (Liva and
Voskuhl 2001). By measuring the proliferative responses as
shown with dose-response curves, it was evident that the responses were significantly reduced by 2- to 4-fold in cultures
treated with DHT/anti-CD3 together when compared with
those treated with the ethanol (Figure 3a). As noted above

Autophagy in DHT-induced cell death in autoreactive T cells
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Figure 2. Frequencies of PLP 139-151-specific CD4 T cells are reduced in cultures exposed to DHT. a. Dextramer staining: flow cytometric
plots. LNCs obtained from mice immunized with PLP 139-151 were stimulated with or without PLP 139-151/NASE 101-120 (control) (20 μg/
ml) and DHT (40 nM)/ethanol. On day 3, the cultures were supplemented with IL- 2-medium (5 μM). Viable cells were harvested on day 5
poststimulation and stained with PLP 139-151/TMEV 70-86 (control) dextramers, anti-CD4, and 7-AAD. After washing and resuspending
in 1xPBS/2.5%FBS, cells were acquired by flow cytometry. Percentages of dext+ CD4+ cells within the live (7-AAD−) subset were then analyzed using Flow Jo software. b. Dextramers staining analysis. Mean ± SEM values representing the dext+ CD4+ cells obtained from four
individual experiments each involving one mouse are shown. c. Cell viability. Antigen-sensitized LNCs prepared from the immunized animals were stimulated with or without PLP 139-151/NASE 101-120 (control) (0 to 80 μg/ml) or DHT (0 to 80 nM)/ethanol (vehicle) as above,
and on day 3 poststimulation, cells were harvested and stained with 7-AAD. After acquiring the cells by flow cytometry, percentages of
cells positive or negative for 7-AAD were then determined using Flow Jo software. Mean ± SEM values obtained from three experiments
each involving three mice are shown.

(Figure 1b), the background responses in the naïve T cells
exposed to DHT alone also were significantly reduced by 2to 3-fold as compared to those treated with ethanol (Figure
3b). Since DHT showed similar responses regardless of the
stimuli used (PLP 139-151: Figure 1 and Figure 2; or antiCD3: Figure 3), we decided to use anti-CD3 for further experimentation to address the mechanistic basis for effects of
DHT on T cells.
Previous reports indicated a skewed response from an
IFN-γ-producing Th1 phenotype to an IL-10-producing Th2
phenotype in splenocytes/mixed T cell cultures treated with
DHT (Bebo et al. 1999; Liva and Voskuhl 2001), but it was

not clear whether T cells were the only source for IL-10, and
if so, whether they were antigen specific. To address this
question, we took the advantage of using PLP 139-151 dextramers to enumerate the frequencies of cytokine-producing, PLP specific CD4 T cells. Briefly, LNCs obtained from
mice immunized with PLP 139-151 were stimulated with PLP
139- 151 or control (NASE 101-120) with or without DHT or
its ethanol. First, we analyzed the cytokine secretion in culture supernatants on day 3 poststimulation using cytokine
capture beads to include a panel of Th1, Th2, and Th17 cytokines, in addition to two other inflammatory cytokines,
IL-6 and TNF-α (Wei et al. 2014). The data revealed that
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Figure 3. DHT mediates its effects on both proliferating and nonproliferating T cells. LNCs were prepared from naïve SJL mice, and the
cells were stimulated with or without anti-CD3 (1.25 μg/ml) and DHT (0 to 80 nM)/ethanol. After 24 h, cells were pulsed with 3[H]-thymidine, and 16 h later, proliferative responses were measured as counts per minute a. The blown-up view of the effects of DHT on cells with
no anti-CD3-stimulation is shown in panel b. Mean ± SEM values obtained from three individual experiments each involving three mice
per group are shown.

supernatants obtained from cells stimulated with PLP 139151 with or without ethanol showed the presence of all the
cytokines, in the order from Th1, followed by Th17 and Th2
cytokines, and TNF-α and IL-6 (Figure 4). Of note, non-antigen-specific IFN-γ production was noted in cells cultured
in medium alone, ethanol or with NASE 101-120. However,
in response to PLP 139-151 stimulation, IFN-γ production
was increased (~2- fold), indicating that response was antigen-specific. Conversely, the amounts of cytokines, including
IL-10, detected in culture supernatants from DHT/PLP 139151- treated cells were significantly reduced. Likewise, background cytokine production in control cell cultures exposed
to DHT was also significantly reduced (Figure 4).
We then sought to determine the frequencies of cytokineproducing CD4 T cells at a single cell level by intracellular
staining through flow cytometry. The data revealed that the
cultures derived from PLP 139-151 stimulation, with or without ethanol, showed predominantly the presence of Th1 cytokine (IFN-γ)-producing cells, followed by Th17 (IL-17A)
(Table 1, and Supplementary Figure 1). In contrast, in DHTtreated cultures, frequencies of cells producing all the above
cytokines were significantly reduced. While IL-4- and IL10-producing cells in PLP-stimulated cultures were negligible, DHT-exposed cells did not show any shift in the cells
producing these cytokines. While IL-6+ cells were almost absent, the number of TNF-α-producing CD4 cells was unexpectedly greater in PLP-stimulated cultures that were exposed to DHT (Table 1, and Supplementary Figure 1). The
background cytokine responses in control cultures (medium, NASE, ethanol or DHT) were negligible, except for
IL-2, whose expression occurred non-specifically in all the
cultures. Thus, the cytokine patterns as evaluated based on
cytometric bead array analysis (Figure 4) and intracellular
staining, complemented each other (Table 1, and Supplementary Figure 1). Overall, on one hand, these data seemed to
conflict with previous reports due to the lack of shift towards
the Th2 phenotype; on the other hand, a possibility existed

that such a deviation might have occurred selectively in the
non-antigen-specific T cells.
To address this possibility, we used IAs/PLP 139-151 dextramers that permitted us to determine cytokine-producing, PLP-specific CD4 T cells in a multicolor flow cytometric analysis, leading us to obtain three data sets — dex−cyt+,
dex+cyt−, and dex+cyt+ — for Th1, Th2, and Th17 cytokines
and TNF-α (Table 2, and Supplementary Figure 2). All these
analyses included the use of control (TMEV 70-86) dextramers to define the TCR specificity for PLP 139-151 dextramers, and isotype controls for cytokine antibodies, but their
corresponding background staining intensities were negligible (Table 2, and Supplementary Figure 2). By tabulating
the data for each cytokine, we noted that the majority of cytokine-producing cells did not stain with PLP dextramers,
but a proportion of dextramer+ cells also were positive for
cytokines (Supplementary Figure 2). In cultures stimulated
with PLP 139- 151 or PLP 139-151/ethanol, percentages of
dext+cyt+ cells in relation to dext+cyt− were found to be in
the order of IFN-γ, followed by TNF-α, and IL-17A (Table
2). In contrast, subsets of dex+IFN-γ+ (p = 0.002) and dex+
IL-17+ (p = 0.047) cells in cultures stimulated with PLP 139151 in the presence of DHT were significantly reduced when
compared with cells cultured with PLP 139-151 in the presence of ethanol. Additionally, frequencies of cells belonging to two other subsets — dext−cyt+, and dext+cyt− cells
— also were significantly low in DHT-exposed cells (Table
2, and Supplementary Figure 2). More importantly, shift in
the production of IL-4- and IL-10-producing cells, if any,
was absent within the dextramer+ cells (see dex+ IL-4+ and
dex+ IL-10+ subsets in Table 2, and Supplementary Figure
2). On the contrary, the background cytokine responses with
respect to IL-4 and IL-10 in DHT-exposed PLP 139-151-stimulated cultures were maintained, but were independent of
DHT treatment, as the control cultures (cells in medium,
NASE 101-120, ethanol alone or DHT alone) also had similar background levels for all the cytokines, including IL-4

Autophagy in DHT-induced cell death in autoreactive T cells

627

Figure 4. Th1 and Th17 cytokine responses are reduced, but with no skewed Th2 phenotype in cells exposed to DHT. LNCs obtained from
PLP 139-151-immunized mice were stimulated with or without PLP 139-151/NASE 101-120 (control) (20 μg/ml) and DHT (40 nM)/ethanol. Supernatants were collected on day 3 poststimulation and analyzed using beads conjugated with capture antibodies for the indicated
cytokines by cytometric bead array as described in the Methods section. Mean ± SEM values obtained from three individual experiments
for each cytokine are shown, and their profiles are compared between treatment groups. Mean ± SEM values obtained from three experiments each involving three mice are shown.

and IL-10 (Table 2, and Supplementary Figure 2). Furthermore, it is to be noted that, in contrast to our observation
that more TNF-α+ cells were found to be in the whole CD4
T cell subset in DHT/PLP-treated cultures (Table 1), we did
not observe such an effect at the antigen-specific T cell level,
as the frequencies of dext+ TNF-α+ cells were not elevated
under similar conditions (Table 2). Taking the analyses of
cytometric bead arrays and intracellular cytokine/dextramer stainings together, the data suggest that DHT did not
induce any deviation for any of the cytokines tested. On the
contrary, reduction in the cytokine-producing cells in the
DHT/PLP-139–151-treated cells might be the result of cell
death induced by DHT.

Induction of cell death by DHT has been reported in various cell lines and primary immune cells such as macrophages and PBMCs (Bebo et al. 1998; Huber et al. 1999; McMurray et al. 2001; Cutolo et al. 2002; Ling et al. 2002; Verzola
et al. 2004; Cutolo et al. 2005). In our studies that involve
mouse primary T cells, we sought to determine whether
DHT-mediated effects on cell viability can be differentiated
with respect to early-stage or late-stage apoptotic/necrotic
cells based on annexin V/PI staining. As shown in Supplementary Figure 3, annexin V/PI staining of cells stimulated
with or without anti-CD3 at both 5 and 10 h poststimulation revealed increase in the cells with compromised plasma
membrane integrity (PI+, annexin+), but not apoptotic cells

Table 1. Frequencies of cytokine-producing CD4 T cells in cultures stimulated with or without PLP 139-151 and DHT
Group

Percentages of cytokine+CD4+ T cells (Mean ± SEM)
Th1 		
IL-2

Medium
15.0 ± 2.0
NASE
14.8 ± 2.5
Ethanol
14.9 ± 1.8
DHT
9.0 ± 2.3
PLP
10.6 ± 2.3
PLP + ethanol
12.3 ± 1.9
PLP + DHT
12.1 ± 0.3
p value* 		

IFN-γ

IL-4

Th2 		

Th17

IL-10

IL-17A

2.6 ± 0.3
0.4 ± 0.0
0.4 ± 0.1
2.1 ± 0.5
0.2 ± 0.1
0.4 ± 0.2
1.1 ± 0.1
0.4 ± 0.2
0.4 ± 0.1
0.2 ± 0.1
0.3 ± 0.2
0.3 ± 0.1
13.9 ± 1.9
0.8 ± 0.3
1.0 ± 0.3
13.8 ± 2.1
0.4 ± 0.2
1.0 ± 0.1
1.2 ± 0.1
0.2 ± 0.1
0.5 ± 0.0
0.013			

* represent comparisons between PLP + DHT, and PLP + ethanol groups

Other inflammatory cytokines
IL-6

0.4 ± 0.1
0.9 ± 0.6
0.3 ± 0.1
0.2 ± 0.0
0.3 ± 0.0
0.2 ± 0.1
0.2 ± 0.2
0
3.6 ± 0.4
0.3 ± 0.1
2.2 ± 0.4
0.3 ± 0.1
0.7 ± 0.1
0.2 ± 0.0
0.007 		

TNF-α

Isotype

75.7 ± 2.6
78.9 ± 4.6
79.7 ± 1.6
60.2 ± 6.2
49.3 ± 2
56. ± 2.4
68.9 ± 2.3
0.030

0.2 ± 0.1
0.1 ± 0.0
0.1 ± 0.0
0
0.2 ± 0.0
0.2 ± 0.1
0.1 ± 0.1
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0.036
0.047 		
0.005
0.001
* represent comparisons between PLP + DHT, and PLP + ethanol groups

0.023 		
0.031 			
0.004
p value*

0.005

0.5 ±0.1
2.2 ±0.7

0.002 		

0

0
0.3 ±0.2
0.1 ±0.1
0.2 ±0.1
0.6 ±0.2
26.1 ±2.5
0
0.5 ±0.1
1.8 ±0.5
0
0.6 ±0.2
0.6 ±0.2
0
0.7 ±0.3
0.5 ±0.1

0

PLP + DHT

0.1 ±0.0

0.2 ±0.0
0.1 ±0.0
0.6 ±0.2
1.2 ±0.3
0.1 ±0.0 24.2 ±4.5
1.6 ±0.3
5.9 ±1.6
0
1.8 ±0.3
0.4 ±0.1
0
1.8 ±0.3
0.3 ±0.0
1.3 ±0.3
PLP + ethanol 14.7 ±3.5

0.6 ±0.2

0
0

0.2 ±0
0.2 ±0.1

0
0

0.5 ±0.1
1.1 ±0.3

0.1 ±0.0
23.8 ±5.5
0

0.1 ±0.0 22.1 ±4.7
1.5 ±0.2

0.1 ±0.0
0.4 ±0.1

6.7 ±0.6
0

0
0.1 ±0.0

1.8 ±0.3
0.4 ±0.1

0.2 ±0.0
0

0
1.6 ±0.2

0
0.3 ±0.1

0.4 ±0.1
0.5 ±0.1
1.4 ±0.1
PLP

0
0.2 ±0.0

13.3 ±2.4

DHT

0

0

0
0.1 ±0.0
0.1 ±0.0
0
0.1 ±0.1
31.4 ±5.1
0
0.1 ±0.0
0.6 ±0.2
0
0.1 ±0.0
0.1 ±0.0
0
0.1 ±0.0
0.2 ±0.1
0
2.7 ±1.1
Ethanol

0.1 ±0.0

0
0.3 ±0.1

0.3 ±0.2
0.1 ±0.0

0.1 ±0.0
0.1 ±0.0

0.2 ±0.1
0.1 ±0.1

0.1 ±0.1
31.4 ±5.6

37. ±7.2
0

0
0.2 ±0.1

0.1 ±0.0
0.5 ±0.2

0.6 ±0.2
0

0
0.1 ±0.0

0.1 ±0.1
0.4 ±0.2

0.3 ±0.1
0

0
0.1 ±0.1

0.1 ±0.0
0.4 ±0.2

0.4 ±0.0
0.1 ±0.1

0
0.1 ±0
4.4 ±2.2
NASE

0.2 ±0.1
4.4 ±1.9
Medium

Dext−
con+
Dext+
con−
Dext+
TNF+
Dext−
IFN+

Dext+
IFN−

Dext+
IFN+

Dext−
IL-4+

Dext+
IL-4−

Dext+ Dext−
IL-4+ IL-10+

Dext+
IL-10−

Dext+
IL-10+

Dext−
IL-17+

Dext+
IL-17−

Dext+
IL-17+

Dext−
TNF+

Dext+
TNF−

TNF-α 		
IL-17A
IL-10
IL-4 		
IFN-γ

Percentages of cytokine producing CD4+ T cells in relation to PLP 139-151 dextramer+ cells (mean ± SEM)
Group

Table 2. Frequencies of cytokine-producing, PLP 139-151 dextramer+ T cells in cultures stimulated with or without PLP 139-151 and DHT

Dext−
con+

Isotype control
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(annexin+, PI−), suggesting that apoptosis leading to necrotic
cell death may occur continuously upon exposure to DHT.
We then examined the cell death using cleaved/activated caspase 3 that gets activated during apoptosis triggered by various intrinsic and extrinsic stimuli (Wyllie et al. 1980; McIlwain et al. 2013). Caspase 3 normally exists as an inactive
proenzyme called procaspase 3 (32 kDa). Upon activation,
procaspase 3 is first cleaved to yield two fragments (19 kDa
and 12 kDa), and the larger of these (19 kDa) is then cleaved
to produce another small fragment (17 kDa) (Pan and Berk
2007). Under some conditions, activated caspase 3 can yield
an additional fragment (27 kDa) (Hershberger et al. 2002;
Muro et al. 2005). Additionally, we used PARP-1 (113 kDa)
as another marker for apoptosis, since PARP-1 can act as a
substrate for executioner caspases (Gobeil et al. 2001; Yu et
al. 2002; Chaitanya et al. 2010). For example, caspase 3 can
cleave PARP-1 to yield two fragments, 89 kDa and 24 kDa
(Chaitanya et al. 2010). Using these readouts, we evaluated
the effects of DHT in LNCs obtained from naïve mice, stimulating the cells with or without anti-CD3 in the presence
or absence of DHT. Protein lysates were prepared from cultures representing the above treatments, and the expression
of caspase 3 and PARP-1 proteins were analyzed by Western blotting analysis. Figure 5 (top panel) shows the presence of baseline levels of procaspase 3 (32 kDa), as well as in
two cleaved fragments (27 kDa and 17 kDa) in cells treated
with or without anti-CD3, but their levels were significantly
enhanced dose dependently in response to DHT (Figure 5a
and b). Similar trends were noted with the 19 kDa-fragment
in response to DHT exposure in both anti-CD3-stimulated
and unstimulated cells (Figure 5c). As to PARP-1, while the
full-length protein (113 kDa) was detected at comparable levels in cells treated with or without anti-CD3 or DHT, the
cleaved PARP-1 (89 kDa) was elevated dose dependently in
response to DHT (Figure 5d). Nonetheless, the intensity of
the cleaved PARP-1 fragment 89 kDa was found to be marginally higher in untreated cells than in the cells treated with
anti-CD3. This may be due to the possibility that the cleaved
PARP-1 may degrade to yield additional small fragments in
the stimulated cells (Chaitanya et al. 2010). Overall, the elevated proportions of the cleaved fragments of both caspase
3 and PARP-1 that occurred in response to DHT support our
proposal that DHT-mediated effects in T cells involved, at
least partially, apoptotic cell death.
It has been reported that autophagy has both pro-survival and pro-cell death roles in T cells (Li et al. 2006; Hubbard et al. 2010; Bizargity and Schroppel 2014). Furthermore,
autophagy can control cell death induced by IFN-γ signaling in Th cells (Feng et al. 2008) and influence antigen-presentation functions. mTOR regulates cell growth and proliferation, and downregulation of mTOR activity has been
shown to precede autophagy (Jung et al. 2010). Since the
mTOR pathway prevents autophagy, and DHT promotes
cell death as described above, we set out a hypothesis that
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Figure 5. DHT triggers apoptotic pathway in cells stimulated with or without antigen. LNCs were obtained from naïve mice, and the cells
were stimulated with or without anti-CD3 (1.25 μg/ml) and DHT (0 to 40 nM)/ethanol for 24 h. After centrifugation, cell pellets were lysed
to obtain protein lysates, and equal amounts of proteins were resolved by SDS-PAGE analysis. The proteins were then transferred onto
membranes stained with primary and HRP-conjugated secondary antibodies for the indicated molecules. After adding ECL substrate, the
images were captured using Image system (top panel). β-actin, loading control (top panel). For quantification, the densities corresponding
to the target proteins were measured, and the values were then normalized to β-actin-levels. To determine the change in the expression of
cleaved caspase 3 (27 kDa, 19 kDa, and 17 kDa) in relation to procaspase 3 (32 kDa), the densities of each of the three cleaved caspase 3 bands
were first normalized to procaspase 3. The density values corresponding to each set of bands (27 kDa/32 kDa; 19 kDa/32 kDa; and 17 kDa/32
kDa) were divided by the values for β-actin. Finally, the values obtained in cells cultured in medium alone were considered as 1 (baseline),
to which expression levels in other treatment groups were compared. Similar analysis was performed for cleaved PARP-1, and the fold difference is shown in relation to full-length PARP-1. Mean ± SEM values obtained from three to six individual experiments each involving
two to three mice per group are shown in the bottom panel: a cleaved caspase 3 (27 kDa) vs procaspase 3 (32 kDa); b cleaved caspase 3 (17
kDa) vs procaspase 3 (32 kDa); c cleaved caspase 3 (19 kDa) vs procaspase 3 (32 kDa); and d cleaved PARP-1 (89 kDa) vs PARP-1 (113 kDa).
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Figure 6. DHT triggers autophagy
pathway in cells stimulated with
or without antigenic stimulation.
LNCs were obtained from
naïve mice, and the cells were
stimulated with or without
anti-CD3 (1.25 μg/ml) and DHT
(0 to 40 nM)/ethanol. After 24 h,
cell pellets were lysed; proteins
were resolved on SDS-PAGE
analysis, and the transferredproteins were probed with the
indicated antibodies. The top
panel shows the images for each
protein, where β-actin was used
as a loading control. The bottom
panel indicates quantitative
analysis to represent fold-change
in the expression of target proteins
(mTOR, p62, and Beclin 1) in
relation to β-actin. For LC3 I and
LC3 II, the density values for
LC3 II (16 kDa) were divided by
the density values for LC3 I (18
kDa), and the resulting values
were then normalized to β-actin
[(LC3 II/I)/ β-actin]. Finally, the
values obtained in cells cultured
in medium alone were considered
as 1 (baseline), to which the
values obtained in other treatment
groups were compared. Mean ±
SEM values obtained from three
to six individual experiments each
involving two to three mice per
group are shown in the bottom
panel: a. mTOR-expression;
b. p62-expression; c. Belin
1-expression; and d. LC3 II/ LC3
I ratios.

DHT-induced cell death may involve the mediation of autophagy by downregulating the expression of mTOR. To test
this hypothesis, we chose a panel of autophagy-related molecules: Beclin 1, LC3 I, LC3 II, and p62, in addition to mTOR.
Beclin 1 acts as an upstream initiator of autophagy (Kang et
al. 2011), while LC3 is a ubiquitin-like protein and in most
circumstances is necessary for the formation of autophagosomes (Tanida et al. 2008; Choi et al. 2013). LC3 undergoes
C-terminal cleavage generating a cytosolic LC3 I form that
is conjugated to phosphatidylethanolamine on the autophagosomal membrane to form LC3 II (Tanida et al. 2008; Choi
et al. 2013). As such, alterations in the levels of LC3 II, which
migrates faster in SDS-PAGE compared to LC3 I, represent
increased build-up of autophagosomes (Barth et al. 2010).
Selective degradation of ubiquitinated protein aggregates

by autophagy is mediated via the ubiquitin binding receptor, p62 (Ichimura and Komatsu 2010; Viiri et al. 2010). Thus,
Beclin, LC3, and p62 are commonly used as markers of autophagy. By analyzing the expression of these molecules in
cultures treated with or without anti-CD3/DHT by Western
blotting analysis, we made two observations. (1) In unstimulated cells, while the level of Beclin 1 remained largely unchanged in response to DHT-supplementation, mTOR-expression was reduced with the increased concentrations of
DHT (p ≤ 0.024) (Figure 6a). In addition, expression of p62
also was reduced but only at high dose of DHT (p = 0.036)
(Figure 6b). Conversely, LC3 I and LC3 II were not detected.
(2) In cells stimulated with anti- CD3, although expression
levels of p62 and Beclin 1 were found elevated in relation to
unstimulated cells, DHT treatment reduced the expression
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Figure 7. Evaluation of autophagy in cells treated with DHT in the presence of torin-1. a. Western blotting analysis. LNCs/splenocytes obtained from naïve mice were stimulated with anti-CD3 (1.25 μg/ml) in the presence or absence of ethanol (vehicle) or DHT (40 nM) for 24
h, and during the last eight hours, torin-1 (5 nM) or DMSO (vehicle) was added. Lysates prepared from the above treatments were subjected for SDS-PAGE analysis, and the transferred-proteins were probed with the antibody for LC3 I and LC3 II, where β-actin was used as
a loading control. The top panel shows the image obtained by Western blotting analysis. The bottom panel represents quantitative analysis to depict fold-change in the expression of LC3 I and LC3 II proteins. The density values for LC3 II (16 kDa) were divided by the density
values for LC3 I (18 kDa), and the resulting values were then normalized to β-actin [(LC3 II/I)/β-actin]. Finally, the values obtained in cells
cultured in medium alone were considered as 1 (baseline), to which the values obtained in other treatment groups were compared. Mean
± SEM values obtained from three individual experiments each involving two mice are shown. b. Proliferation assay. LNCs obtained from
naïve mice were stimulated with torin-1/DMSO (vehicle) (5 nM) for 24 h, with or without anti-CD3 (1.25 μg/ml) and DHT(10 nM)/ethanol.
After pulsing with 3[H]-thymidine for 16 h, proliferative responses were measured as counts per minute. Mean ± SEM values obtained from
three experiments each involving three mice per group are shown.
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of p62 (p ≤ 0.028) (Figure 6b and c). While mTOR-expression was significantly reduced with increased concentrations
of DHT, the appearance of LC3 proteins was apparent in
the stimulated cultures (Figure 6d). Importantly, with an increased dose of DHT (0 to 40 nM), the ratios between LC3
II and LC3 I were proportionately increased (Figure 6: top
right panel and Figure 6d). Furthermore, by using CQ as a
blocker of autophagy to study autophagy flux, we noted an
increase in LC3 II/LC3I ratios in the cells treated with DHT in
the presence of CQ as compared to cells treated with ethanol
and CQ, indicating increased autophagy induction (Supplementary Figure 4). The occurrence of reduced expression of
mTOR corresponding to enhanced LC3 II/LC3 I ratios in cells
exposed to DHT, but not in cells cultured in medium or ethanol alone, suggests that autophagy may possibly contributed
to the effects mediated by DHT. To evaluate this possibility,
we tested a hypothesis that torin-1, a known autophagy-inducer potentiates the effects of DHT in T cell proliferation
assay (Peterson et al. 2011). First, we verified that torin-1 induces autophagy in T cells by evaluating the levels of LC3 I
and LC3 II proteins as the prototypic marker for autophagy
by Western blotting analysis. As shown in Figure 7a, torin1-exposure to cells stimulated with anti-CD3 led to increase
in LC3 II/LC3 I ratios indicating that torin-1 triggers autophagy in primary T cells. Second, supplementation of torin-1
to DHT-exposed cells also enhanced the ratios between LC3
II and LC3 I suggesting an additive effect between the two.
We then stimulated LNCs obtained from naïve mice with or
without anti-CD3/DHT or torin-1 and their corresponding
controls (ethanol and DMSO). The data presented in Figure 7b indicate that cells treated individually with DHT (p =
0.050) or torin-1 (p = 0.034) showed a reduction in the proliferative responses to anti-CD3, but when both reagents were
mixed, the responses were further reduced (p = 0.003), indicating the additive effects of both DHT and torin-1 together.
The effects were specific, because the corresponding vehicles
(ethanol for DHT or DMSO for torin-1)-treated cells did not
affect the proliferative responses. Similar outcomes also were
noted in unstimulated cells (Figure 7b). Under similar conditions, by verifying the cell death pathway, we noted that
the cells double positive for PI and annexin were higher in
cultures exposed to both DHT and torin-1 than their corresponding control (ethanol and DMSO), whereas the proportion of apoptotic cells remained the same (Supplementary
Table 2). These results were expected, as DHT can induce
cell death in both proliferating and non-proliferating cells as
shown above (Figure 1, and Figure 3). The finding that DHTinduced cell death was accompanied by the occurrence of autophagy points to the possibility that autophagy-associated
cell death may be one important mechanism by which DHT
modulates the functions of autoreactive T cells.
In summary, we have demonstrated that DHT mediates
its effects on T cells, but in a non-antigen-specific manner,
leading us to make two key observations. (1) Mechanistically,

cell death induced by DHT was associated with autophagy,
suggesting that both processes might occur simultaneously.
(2) Contrary to previous reports, using MHC class II dextramers we noted that immune deviation from the Th1 to Th2
phenotype was not evident in DHT-exposed antigen-specific T cells. Rather, frequencies of cytokine-producing, antigen-specific T cells were significantly reduced regardless
of Th phenotype (Th1, Th2, or Th17). Previous reports indicate that DHT can ameliorate EAE when administered either during induction or in the effector phase of the disease
process (Dalal et al. 1997; Bebo et al. 1999). Our observation
that DHT induces cell death of both proliferating and nonproliferating naïve T cells may mean that the DHT-mediated
effects might have occurred due to cell death. Likewise, although our data do not support the notion that DHT-mediated effects accompany the appearance of IL-10-producing
cells (Dalal et al. 1997; Bebo et al. 1999; Liva and Voskuhl
2001), production of IL-10 by non-T cell sources in in vivo
or mixed T cell cultures, in response to DHT-treatment cannot be discounted. Of note, the levels of DHT (active form
of testosterone) are reported to be in the range of 0.47 to 2.65
nM/L in healthy adult men (Shiraishi et al. 2008). In our in
vitro studies, we have seen the effects of DHT dose-dependently up to 40 nM as the equivalent amounts of vehicle (ethanol) did not induce any non-specific effects. Although, it is
difficult to extrapolate the significance of in vitro data to the
in vivo settings, we believe that the effects induced by DHT
up to 40 nM may represent the supraphysiological or therapeutic dose. Our data support the notion that autophagyassociated cell death may contribute to DHT-mediated cell
death. In the future, delineating the exact interrelationship
between cell death and autophagy may possibly provide opportunities to target these pathways for therapy with DHT.
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Supplementary Table 1 Analysis of cell death in LNCs stimulated with or without PLP 139-151 and DHT
PLP 139-151 (µg/ml) / DHT (nM)
2.5

Group

Medium
Nase
Ethanol
DHT
PLP
PLP +
ethanol
PLP +
DHT
a

10

5

20

80

Apoptotic
cells

Dead
cells

Apoptotic
cells

Dead
cells

Apoptotic
cells

Dead
cells

Apoptotic
cells

Dead
cells

Apoptotic
cells

Dead
cells

Apoptotic
cells

Dead
cells

1.4 ±
0.1
1.5 ±
0
1.5 ±
0.1
1.4 ±
0.1
1.6 ±
0.1
1.6 ±
0
1.1 ±
0b

65.7 ±
1.8
63.6 ±
2.4
67 ±
2.1
73.1 ±
2.5
61.4 ±
1.4
61.6 ±
0.9
65.6 ±
1.4

1.4 ±
0.1
1.6 ±
0.1
1.5 ±
0.1
1.5 ±
0.1
1.7 ±
0.1
1.5 ±
0.2
1.2 ±
0.1

65.7 ±
1.8
63.9 ±
1.5
68.1 ±
2.5
73.1 ±
1.9
59.6 ±
1.7
59.7 ±
1.1
63.1 ±
0.9

1.4 ±
0.1
1.6 ±
0.1
1.4 ±
0.1
1.3 ±
0.1
1.8 ±
0.3
1.8 ±
0.2
1.2 ±
0.1

65.7 ±
1.8
65.5 ±
2.4
68.1 ±
2.9
82.3 ±
0.7a
59.3 ±
1.6
58.7 ±
2.1
65.9 ±
1.2b

1.4 ±
0.1
1.7 ±
0.2
1.4 ±
0.1
1.2 ±
0.2
1.9 ±
0.1
1.7 ±
0.1
1±
0.1b

65.7 ±
1.8
65 ±
2.8
68.3 ±
1.5
84.5 ±
3a
58.2 ±
1.3
57.9 ±
0.5
71 ±
1.6b

1.4 ±
0.1
1.7 ±
0.2
1.4 ±
0.1
1±
0.1
1.7 ±
0.1
1.8 ±
0.2
0.7 ±
0.2b

65.7 ±
1.8
65.2 ±
1.5
68.7 ±
1.8
92.3 ±
0.5a
59.7 ±
1.3
55.4 ±
1.3
76.5 ±
1.8b

1.4 ±
0.1
1.9 ±
0.2
1.5 ±
0
0.9 ±
0a
1.9 ±
0.2
1.8 ±
0.1
0.5 ±
0.1b

65.7 ±
1.8
63.4 ±
1.6
70.1 ±
0.5
95.2 ±
0.2a
57 ±
0.9
57.8 ±
1.9
84 ±
3.4b

represents comparisons between DHT and ethanol groups (p ≤0.007)
represents comparisons between PLP + DHT, and PLP + ethanol groups (p ≤0.041)

b

40

Supplementary Table 2 Analysis of cell death in LNCs stimulated with or without anti-CD3 and DHT and torin-1
Group

Stimulated with anti-CD3

Apoptotic cells

Dead cells

Apoptotic cells

Dead cells

Cells

2.6±0.2

52.6±0.7

2.7±0.3

48.9±1.7

Cells + ethanol

2.5±0.3

54.3±0.6

2.2±0.3

48.5±1

Cells + DHT

2.2±0.3

67.1±0.9a

2.1±0.2

59.1±1.6a

Cells + DMSO

2.4±0.3

55.8±0.7

2.3±0.3

49.4±1.1

Cells + torin-1

2.2±0.2

59.9±0.7b

2.2±0.3

55.2±1.8b

2.2±0.1

56.9±1.2

2.1±0.2

49.9±1

2±0.1

70.1±0.6c

2.1±0.1

64.7±1.2c

Cells + ethanol
+ DMSO
Cells + DHT +
torin-1
a

Unstimulated

represents comparisons between cells + DHT, and cells + ethanol groups (p ≤0.005)
represents comparisons between cells + torin-1, and cells + DMSO (p ≤0.028)
c
represents comparisons between cells + DHT + torin-1, and cells + ethanol + DMSO groups(p ≤0.011)
b

